The objective was to measure effects of 3-nitrooxypropanol (3NP) on methane production of lactating dairy cows and any associated changes in digestion and energy and N metabolism. Six Holstein-Friesian dairy cows in mid-lactation were fed twice daily a total mixed ration with maize silage as the primary forage source. Cows received 1 of 3 treatments using an experimental design based on two 3 × 3 Latin squares with 5-wk periods. Treatments were a control placebo or 500 or 2,500 mg/d of 3NP delivered directly into the rumen, via the rumen fistula, in equal doses before each feeding. Measurements of methane production and energy and N balance were obtained during wk 5 of each period using respiration calorimeters and digestion trials. Measurements of rumen pH (48 h) and postprandial volatile fatty acid and ammonia concentrations were made at the end of wk 4. Daily methane production was reduced by 3NP, but the effects were not dose dependent (reductions of 6.6 and 9.8% for 500 and 2,500 mg/d, respectively). Dosing 3NP had a transitory inhibitory effect on methane production, which may have been due to the product leaving the rumen in liquid outflow or through absorption or metabolism. Changes in rumen concentrations of volatile fatty acids indicated that the pattern of rumen fermentation was affected by both doses of the product, with a decrease in acetate:propionate ratio observed, but that acetate production was inhibited by the higher dose. Dry matter, organic matter, acid detergent fiber, N, and energy digestibility were reduced at the higher dose of the product. The decrease in digestible energy supply was not completely countered by the decrease in methane excretion such that metabolizable energy supply, metabolizable energy concentration of the diet, and net energy balance (milk plus tissue energy) were reduced by the highest dose of 3NP. Similarly, the decrease in N digestibility at the higher dose of the product was associated with a decrease in body N balance that was not observed for the lower dose. Milk yield and milk fat concentration and fatty acid composition were not affected but milk protein concentration was greater for the higher dose of 3NP. Twice-daily rumen dosing of 3NP reduced methane production by lactating dairy cows, but the dose of 2,500 mg/d reduced rumen acetate concentration, diet digestibility, and energy supply. Further research is warranted to determine the optimal dose and delivery method of the product.
INTRODUCTION
In recent years, a massive global research effort has explored potential nutritional, genetic, and management options for reducing methane emissions from ruminants. Several potential approaches have shown promise (e.g., Blaxter and Czerkawski, 1966; Mills et al., 2001; Beauchemin et al., 2008; McAllister and Newbold, 2008) . These include changes in carbohydrate amount and type (e.g., starch or sugar vs. fiber), supplemental fats (through replacement of fermentable substrate and inhibitory effects on methanogenesis), feeding precursors of propionate such as fumaric or malic acid, or feeding bioactive compounds such as ionophores or plant components. Examples of plant bioactive components that are purported to inhibit methanogenesis include compounds from garlic, tannins, or saponins (Beauchemin et al., 2008; McAllister and Newbold, 2008) . In addition, hydrogen acceptors such as nitrate or sulfate have been successful in reducing methane production in sheep and dairy cows (Bozic et al., 2009; and inhibitory effects of chloral hydrates on methane production have been observed both in vitro and in vivo (Trei et al., 1972; Clapperton, 1974; Goel et al., 2009; Abecia et al., 2012) . In regard to bioactive compounds, supplements that are effective at reducing methane production in sheep have, in some cases, been found to be ineffective in lactating dairy cows (McCourt et al., 2008; Foley et al., 2009) , which may be due to differences in rumen ecology and dynamics.
In addition to specific plant bioactive compounds, there is now interest in the potential development of synthetic compounds as specific inhibitors of methanogenesis (Soliva et al., 2011) . In this regard, in silico screening (Halgren et al., 2004) has identified several compounds as potential inhibitors of methyl-coenzyme M reductase, the final step in the reduction of CO 2 to CH 4 by methanogenic archaea (Duval and Kindermann, 2012) . Two of these compounds, ethyl-3-nitrooxy propionate and 3-nitrooxypropanol (3NP), have recently been shown to be effective at inhibiting methane production in vitro and when fed to sheep for 30 d (Martínez-Fernández et al., 2014) . The objective of the present study was to determine the effects of 2 doses of 3NP on methane production by lactating dairy cows and any associated effects on diet digestion and energy and N metabolism. Our hypothesis was that 3NP would reduce methane production in lactating dairy cows.
MATERIALS AND METHODS

Animals and Diet
Six second-parity Holstein-Friesian cows averaging 33.4 kg/d milk yield and 200 DIM at the start of the study were used. Three of the cows were pregnant (92, 97, and 140 d) at the start of the study. An additional cow was confirmed pregnant at the end of the study (55 d). Cows had rumen fistulas established during their first lactation with cannulas (Bar Diamond, Parma, ID) inserted. All procedures were licensed and monitored by the UK Home Office under the Animal Science (1986) Procedures Act. Throughout the study, cows were fed a TMR (Table 1) for ad libitum DMI (5% refusals). Animals were fed twice daily, receiving twothirds of their daily allocation in the morning and the remaining one-third in the afternoon. Refused food was removed and weighed daily before the morning feeding. Cows were milked twice daily at approximately 0630 and 1630 h. When not restrained for measurements, cows were housed in a cubicle yard with rubber chipfilled mattresses and wood shavings as additional bedding and were milked in a herringbone parlor. While in the cubicle yard, cows were fed individually using an electronic identification controlled pneumatic feed barrier (Insentec, Marknesse, the Netherlands), and drinking water was constantly available from troughs. While restrained in tiestalls or chambers for measurements described below, cows had continuous access to drinking water through drinking bowls and were milked using a pipeline system.
Experimental Design and Treatments
The experimental design was based on 3 treatments and 2 balanced 3 × 3 Latin squares with 5-wk periods. Treatments were a control and 2 doses (500 and 2,500 mg/d) of 3NP. The 3NP was formulated at 50% on silica oxide (SiO 2 ) and was kept in a sealed container under refrigeration (2 to 4°C) before weighing for administration. Doses were then weighed and wrapped in a single facial tissue and kept in a sealed container before administration through the rumen fistula approximately 10 cm below the surface of the rumen contents. The control treatment was the administration of a single tissue through the rumen fistula.
Measurements
Milk yield was recorded daily using milk meters throughout the 35-d period. Cows were weighed at the beginning of the study and at the end of each period.
Rumen Sampling
During wk 4 of each period (d 24 to 28), animals were transferred to individual tiestalls with rubber mats and wood chip bedding to acclimatize cows to restraint by head yoke and obtain rumen measurements. Rumen fluid samples were taken on d 27, just before and at 0.5, 1.0, 1.5, 2.0, and 4.0 h after both the a.m. and p.m. feedings. Rumen fluid samples (100 mL) were collected from the ventral sac via aspiration through a coarse filtered tube inserted vertically approximately 40 cm into the rumen mat directly below the rumen fistula. The sample was mixed thoroughly and pH measured (Aikman et al., 2011) and ammonia concentrations (Sutton et al., 2003) by GLC and colorimetric procedures, respectively;
. Samples for ammonia analysis were acidified to pH 2.0 by addition of concentrated sulfuric acid. In addition, 24-h mid-rumen pH measurements were conducted on d 26 and 27. A pH electrode was placed within the rumen via the cannula, and connected to a pH340i data recorder (Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany). The connection between the cannula and the end of the pH electrode was 30 cm, and the electrode was weighted to ensure that it sank through the rumen mat rather than lying on the surface. The equipment was calibrated before each use. The electrode was placed into the rumen immediately before the morning feeding and removed 48 h later. Rumen pH was recorded every 15 min. These rumen pH measurements were used to calculate the length of time within each 24-h measurement period when pH was below pH 5.7, 6.0, or 6.5.
Respiration Chamber Measurements
For the last 5 d of each period (d 30 to 34), cows were transferred to respiration chambers, where they were restrained by head yoke, and four 24-h measurements of methane production and respiratory exchange (CO 2 production and O 2 consumption) were obtained (Cammell et al., 2000; Reynolds et al., 2001) . While cows were in the chambers, all feces and urine excreted was collected, weighed, and sampled for determination of diet digestion and energy and N balance as described by Reynolds et al. (2001) except that urine and feces collection was modified so that urine collection cups were not affixed to the cows using glue. Urine and feces were directed to a urine collection container via a common collection chute attached to the cow using elastic bands attached to a padded surcingle. The excreta were directed onto a nylon screen (2 mm) that retained the feces and allowed the urine to pass through into the collection container. Feces were removed from the screen and transferred into a separate container at regular intervals (5 times/d). A secondary silk screen underneath the nylon screen retained any small particles of feces that passed through the primary screen to minimize contamination of urine with insoluble fecal particles. These small particles were weighed as feces but not included in the feces sampled for analysis. Each day, the feces collected were thoroughly mixed and a 5% subsample was frozen in a sealed container. At the end of the collection period, fecal samples were thawed and thoroughly mixed. Subsamples were analyzed for N concentration or stored at −20°C for subsequent analysis of energy (Reynolds et al., 2001) . Further subsamples were analyzed for DM concentration (5 d at 65°C), with the dried fecal samples stored at room temperature before analysis of ash, starch, NDF, and ADF concentrations (Kliem et al., 2013) . The pH of urine accumulating in the collection tray was maintained <2 by the addition of sufficient 10 N sulfuric acid (1.2 L) to the tray before commencing collection. The total urine collected each day was weighed and mixed, and a subsample of 5% of the total weight was removed and frozen (−20°C) in a sealed plastic bottle. At the end of the 5-d collection period, the subsamples were thawed, bulked, and divided into 2 aliquots that were centrifuged to remove any fecal particle contamination; the supernatant was stored at −20°C until analyzed for energy and N concentration (Reynolds et al., 2001) . The procedures used sought to minimize cross contamination of feces and urine, but some cross contamination was unavoidable. Cross contamination of soluble components of feces and urine could affect volatile N losses and measurements of N excretion in urine and feces.
Milk Samples
For the last 5 d of each period, milk was sampled (25 mL) at each milking, treated with preservative (1 mg/ mL potassium dichromate), and stored at 4°C before infrared analysis for fat, protein, lactose, casein, and urea concentrations and SCC (National Milk Laboratories, Wolverhampton, UK). Milk composition was used to calculate 3.5% FCM yield (Gaines, 1928 ) and milk energy yield (Reynolds et al., 2001 ). On d 34 of each period, 2 sequential milk samples (a.m. and p.m.) were frozen for analysis of FA composition as described by Kliem et al. (2013) .
Diet Samples
Samples of the TMR were taken on a daily basis and subjected to immediate DM analysis (100°C for 23 h) for estimation of DMI. During the last week of each period, representative samples of the TMR and the individual TMR components were taken daily, and each aliquot was added to a sealed plastic bag stored at −20°C to create a bulked sample. At the end of the period, these bulked samples were thawed, mixed, split into subsamples, and stored at −20°C until required for analysis. A representative sample of refused feed was also taken during digestion trials. These samples were analyzed for DM content (100°C for 23 h), and subsampled, stored, and bulked as described for diet samples. Samples of feeds and refusals were analyzed for energy and N concentration (Reynolds et al., 2001) and for ash, starch, NDF, and ADF concentrations using chemical analyses as described by Kliem et al. (2013) .
Statistical Analyses
Results averaged for each cow and sampling period (18 observations) were analyzed statistically using the Mixed Models procedures of SAS (SAS Institute Inc., Cary, NC), testing fixed effects of square, period, and treatment and the random effects of cow within square. Period was considered as a repeated effect using the covariance structure (autoregressive, heterogeneous autoregressive, compound symmetry, heterogeneous compound symmetry, or unstructured) giving the best fit (Tempelman, 2004) . In initial analysis of the data, the effect of treatment × period interaction was included in the model, but this interaction did not approach significance and was removed from the model used for the results presented. In addition, least squares means for each dose of 3NP were compared with the control mean using Dunnett comparisons. For rumen fluid measurements at specific sampling times, time of sampling relative to feeding (time) and feeding time (a.m. or p.m.) were included as fixed effects in the model along with their 2-and 3-way interactions, with time relative to feeding as a repeated effect. Because of the limited number of observations, treatment effects were considered significant at P < 0.10.
RESULTS
Animal Health
Overall, few health problems were noted during the study. No cases of mastitis and 1 case of mild lameness were reported. One cow aborted twins in early gestation in the first week of period 3 but was not measurably affected in terms of general health and production.
Milk Yield and Composition
During measurements of respiratory exchange and digestion, 3NP had no significant effect on milk yield, FCM yield, or milk energy yield (Table 2) . Numerically, milk yield was reduced by 2.9 kg/d on the higher dose of 3NP (P = 0.19), which resulted in an increase in milk protein and casein concentrations (P < 0.01), as milk protein yield was not affected. The product had no effect on milk fat or lactose concentrations or yields or on milk urea concentration. Milk energy and FCM production were also not affected. In addition, 3NP did not affect concentrations of any of the FA measured in milk fat (Table 3) .
Intake and Digestion of Diet Components and Nitrogen Balance
Treatment with 3NP had no effect on DMI (Table  4) , but fecal DM excretion was increased by both doses of 3NP (P < 0.07 and P < 0.09, respectively), and DM and OM digestibility (g/kg) were reduced by the 2,500 mg/d dose (P < 0.08 and P < 0.06, respectively). Fecal NDF excretion was increased by both doses of 3NP (P < 0.09 and P < 0.05 for 500 and 2,500 mg/d, respectively), whereas NDF digestion was reduced by the low dose (P < 0.10). Fecal ADF excretion was increased by both 500 and 2,500 mg/d doses (P < 0.05 and P < 0.06, respectively), whereas digestibility of ADF was decreased by both doses (P < 0.08). Fecal excretion and digestibility of N (Table 5) were increased (P < 0.01) and decreased (P < 0.08), respectively, by the 2,500 mg/d dose, causing a decrease in body N balance (P < 0.10). Milk N excretion as a percentage of intake N was also reduced (P < 0.03) by the higher dose.
Rumen pH
On average, manual measurements of pH at specific time points after feeding (n = 216) were comparable to average measurements of rumen pH obtained using continuous electronic recording over successive 24-h periods (n = 18; Table 6 ). When time of sampling was accounted for in the statistical analysis of manual measurements ( Figure 1 , Table 6 ), rumen pH was affected by both time of sampling and treatment (P < 0.001). However, the effect of treatment differed with the dose used. The 500 mg/d dose reduced average rumen pH (P < 0.03), whereas the 2,500 mg/d dose increased average rumen pH (P < 0.10) when manual measurements were compared. The minimum pH recorded was lower for the 500 mg/d treatment (P < 0.06) and higher for the 2,500 mg/d dose (P < 0.02). In addition, less variation (smaller SD) in rumen pH was observed for the 2,500 mg/d dose (P < 0.04).
Rumen VFA and Ammonia Concentrations
Concentrations of all VFA measured, except isobutyrate, isovalerate, and ethanol (Table 7) , were greater (P < 0.001) after the afternoon feeding than after the morning feeding, and generally increased after feeding (Figure 2 shows patterns observed for total VFA). Acetate concentration was decreased by both doses (P < 0.008 and P < 0.001 for 500 and 2,500 mg/d, respectively), and the postprandial increases observed for the control treatment were reduced or did not occur when the product was fed (data not shown; time × treatment interaction, P < 0.02). Propionate and n-valerate concentrations increased when the 500 mg/d dose was administered (P < 0.001 and P < 0.02, respectively), but were not affected by the higher dose (P = 0.35 and P = 0.22, respectively). In contrast, both n-butyrate (P < 0.002) and isobutyrate (P < 0.02) were increased by the high dose, but neither of these VFA concentrations was affected by the low dose (Table 7) . Concentrations of isovalerate was decreased by the high dose (P < 0.007) but not affected by the low dose, whereas concentrations of caproate were decreased by the low dose (P < 0.002) and increased by the high dose (P < 0.001). Total VFA concentrations were not affected by the low dose (P = 0.58), but were decreased (P < 0.01) by the high dose and increased after feeding to a greater extent for the control treatment (time × treatment interaction, P < 0.07; Figure 2 ). Ethanol concentration was not affected by the low dose, but increased (P < 0.01) by the high dose. Acetate:propionate and acetate + n-butyrate:propionate ratios were decreased by both doses (P < 0.008 or less; Table 7 ).
Methane Production
Methane production (L/d) and methane yield (L/ kg of DMI) were significantly reduced by the product (Table 8) . Methane production was 93 (P < 0.03) and 90% (P < 0.005) of control values for the 500 and 2,500 mg/d doses, respectively. In regard to methane yield, the corresponding values were 96 (P < 0.02) and 93% (P < 0.004) of control methane yield, respectively, for the low and high doses of 3NP. Methane production per unit milk yield was not affected by either dose (P > 0.14), as a numerical reduction in milk yield occurred when cows were dosed with 3NP. Measurements of methane production obtained at 4-min intervals over the course of daily measurements showed that dosing 3NP into the rumen at feeding had transitory inhibitory effects on methane emission (Figure 3 ; hourly averages). This inhibitory effect was more pronounced for the 2,500 mg/d dose but, in most cases, only lasted for 2 to 3 h. Methane production rate remained lower throughout most of the day (Figure 3) , suggesting that the product effects are not entirely transitory but that residual effects were maintained throughout the day.
Energy Balance
Total intake of energy was not affected by treatment (Table 9 ), but the amount of energy digested was reduced by the higher dose of 3NP (P < 0.06). Treatment had no effect on urine energy excretion (P > 0.36). The decrease in methane energy loss observed was less than the decrease in digested energy; thus, ME supply (P < 0.08) and therefore diet ME concentration (P < 0.09) were lower when 3NP was fed at 2,500 mg/d. With the decrease in ME, we observed an equivalent numerical decrease in tissue energy balance (P < 0.16) for the higher dose. This, combined with a slight reduction in milk energy excretion, led to a reduction (P < 0.05) in total energy balance (milk plus tissue) when the highest dose of 3NP was provided. Probability for the effect of treatment (Trt), the difference between control and 500 mg/d means (0 vs. 500), or the difference between control and 2,500 mg/d means (0 vs. 2,500). Probability for the effect of treatment (Trt), the difference between control and 500 mg/d means (0 vs. 500), or the difference between control and 2,500 mg/d means (0 vs. 2,500).
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Measurements of pH at specific times relative to morning and afternoon feeding (Figure 1 ). When parameters of energy metabolism were expressed as percentage of intake energy, significant reductions (P < 0.09 or less) in digestible energy recovery and methane energy loss occurred at both doses of the product (Table 9) . Similarly, we detected reductions in the recovery of intake energy as ME (P < 0.06) at the 2,500 mg/d dose. Milk energy (P < 0.06) as a percentage of intake energy was also lower when the 500 mg/d dose was provided. Finally, recovery of intake energy as total net energy balance was lower (P < 0.04) when the 2,500 mg/d dose was provided. This reflects combined changes in ME supply along with numerical changes in heat production, tissue energy retention, and milk energy excretion. When energy metabolism was expressed as a percentage of digested energy, the 2,500 mg/d dose increased heat production (P < 0.04) and decreased total energy balance (P < 0.06), but neither dose of 3NP affected the proportion of digestible energy lost as methane or recovered as ME (data not shown). This suggests that effects of 3NP on methane production Figure 1 . Rumen pH relative to a.m. and p.m. feeding and doses of 3-nitrooxypropanol measured using manual sampling of rumen fluid. Rumen pH was affected by time (P < 0.001) and treatment (P < 0.001), but no time × treatment interaction (P = 0.82) was detected. The 3-nitrooxypropanol was introduced into the rumen through the rumen fistula in equal doses during rumen sampling just before feeding. Means of measurements (n = 12) made at intervals before and after morning and afternoon meals. 
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were associated with, and in part due to, the reduction in dietary energy digestion observed.
DISCUSSION
Effects on Methane Production
As observed in sheep (Martínez-Fernández et al., 2014) , 3NP dosed into the rumen of lactating dairy cows reduced methane production and methane yield (methane per unit of DMI). However, the magnitude of the effect of 3NP was marginally less in the present study (6.6 and 9.8% reductions for the low and high doses, respectively) than observed by Martínez-Fernández et al. (2014) in sheep (16% for 100 mg/d). It is unlikely that this difference in effect was due to a relative difference in the dose used, because on either a BW or a metabolic BW (BW 0.75 ) basis, the 2,500 mg/d dose in the present study (3.7 mg/kg of BW or 18.9 mg/kg of BW 0.75 ) was higher than the dose administered to sheep (2.3 mg/kg of BW or 5.9 mg/kg BW 0.75 ). Although the mechanism of action would be different from that of 3NP, previous studies with organic dicarboxylic acids have found them to be effective at reducing methane production by sheep but not lactating dairy cows (e.g., McCourt et al., 2008; Foley et al., 2000) . This may be due to differences between maintenance-fed sheep and lactating dairy cows in terms of their diets, rumen microbial ecology, or rumen dynamics, such as rumen outflow rate. These differences in rumen digesta and fluid kinetics may have altered the kinetics of 3NP disappearance and effective concentration in the rumen of the lactating cows compared with sheep. It was notable that, in the present study, a 5-fold increase in the dose of the product did not have a 5-fold greater effect on methane production, but the kinetics of the metabolism, absorption, and disappearance of the 3NP from the rumen would be influenced by the dosing method used.
Measurements of methane production over the course of daily measurements at 4-min intervals showed that the product, when dosed in the afternoon, had a pronounced but short-term inhibitory effect on methane production. This was particularly evident following administration of the 2,500 mg/d dose (Figure 3) , when the lowest concentration of methane in chamber exhaust air was observed 1 to 2 h after the dose was given. Reasons for the acute nature of the effect observed following the afternoon dose are not certain. The animals were fed after receiving the dose, which provided more fermentable material for methane production, but this was also true following the morning dose. Meal patterns were not measured, but the size and spacing of the morning and afternoon meals differed. As the compound is water soluble, it is likely that the material was washing out of the rumen with liquid outflow. In addition, the 3NP may have been absorbed from the rumen or metabolized by the rumen microbes. The archaea, or specific archaea, may have adapted to the inhibitory effects of 3NP but, on average, methane production was lower throughout daily measurements Probability for the effect of treatment (Trt), the difference between control and 500 mg/d means (0 vs. 500), or the difference between control and 2,500 mg/d means (0 vs. 2,500). In the present study, we chose to dose the product into the rumen because of uncertainty about the stability of the product. However, a more continuous supply of 3NP to the rumen via an infusion, a sustained-release bolus, or by mixing with feed would provide a more appropriate evaluation of effective dose for application of the product.
It is also notable that the dose of product given in the morning did not have the same pronounced effect on methane production as was observed in the afternoon, but the morning dose was given at the end of the day's feeding cycle, when fermentable substrate supply and methane production is typically lowest in dairy cows (e.g., Moe et al., 1973) . After feeding, 3NP limited the postprandial increase in methane production compared with control cows (Figure 3 ). These observations suggest that dosing 3NP into the rumen has differential effects depending on when it is introduced into the rumen relative to feeding or other diurnal factors influencing rumen fermentation.
Rumen pH and VFA Concentrations
Rumen pH decreased over the course of measurements (Figure 1 ), as would be expected with successive feedings and increasing supply of fermentable dietary substrates to the rumen. Rumen pH was decreased by the 500 mg/d dose of 3NP but increased by the 2,500 mg/d dose. The decrease in rumen pH observed with the low dose was associated with an increase in rumen concentrations of propionate and n-valerate. Production of these VFA uses H + and is typically associated with less methane production. These results suggest that the low dose of 3NP shifted H + ion utilization from methanogenesis to propionate synthesis, but the extent to which propionate synthesis accounted for H + ions not used for methane synthesis is not certain. Emission of H 2 from respiration chambers was not measured in the present study, but in previous studies with lactating dairy cows and sheep, the inhibitory effect of nitrate on methane production was associated with an increase in H 2 expiration . Similarly, inhibition of methanogenesis by hemiacetyl of chloral and starch increased H 2 concentration of rumen gas in sheep (Trei et al., 1972) , and a variety of natural and synthetic inhibitors of methanogenesis increased incubation liquid H + ion concentration in vitro (Soliva et al., 2011) .
The increase in rumen pH for the high dose of 3NP was associated with a decrease in total VFA concentrations (Table 7) and less variation (lower standard deviation) in rumen pH (Table 6 ). This decrease in total VFA concentration with the higher dose was due to a decrease in acetate concentration and, to a lesser extent, a decrease in isovalerate concentration, as concentrations of n-butyrate, isobutyrate, and ncaproate were increased (Table 7) . A decrease in rumen concentration of acetate was also observed with the low dose of 3NP, but this was accompanied by an increase in rumen concentrations of propionate and n-valerate, such that total VFA concentrations were unaffected. As observed in sheep (Martínez-Fernández et al., submitted), acetate:propionate and acetate + nbutyrate:propionate ratios were reduced by both doses of 3NP, but the reduction for the low dose was attributable to the increase in propionate concentration. In sheep, 100 mg/d of 3NP decreased rumen concentration of acetate and increased rumen concentration of propionate (Martínez-Fernández et al., submitted) . The decrease in rumen concentrations of total VFA and increase in rumen pH when the 2,500 mg/d dose was given in the present study were associated with a decrease in the digestibility of diet DM, OM, N, ADF, and energy. In addition, the increase in rumen propionate concentration for the 500 mg/d dose was associated with a decrease in NDF digestion and ADF digestibility (Table 4 ). This suggests that the 500 mg/d dose of 3NP modified rumen fermentation toward less methane and more propionate, whereas the 2,500 mg/d dose had greater inhibitory effects on substrate fermentation in the rumen than the lower dose. These effects of 3NP could be due to effects of increased H + ion concentrations that reduced fiber fermentation, reduced total VFA concentration, and increased rumen pH at the higher dose, and likely increased H 2 expiration. These effects may be attributable to the sensitivity of fibrolytic microorganisms, protozoa, and fungi to H + partial pressure (Newbold et al., 2005; Morgavi et al., 2010) . It has been reported that NADH oxidation is inhibited by H + accumulation, resulting in increased synthesis of ethanol (Wolin et al., 1997) , which was observed for the 2,500 mg/d dose in the present study. In addition to the utilization of H + ions (Morgavi et al., 2010) , there may be other synergistic benefits of archaea for rumen fermentation and digestion that were inhibited by 3NP.
Rumen ammonia concentrations were not affected by treatments, although a numerical reduction was observed with the 2,500 mg/d dose (Table 7 ; P = 0.14) and the postprandial increase in rumen ammonia concentration after the morning feeding was suppressed when the 2,500 mg/d dose was administered (data not shown). Finally, these changes in rumen concentrations of VFA and pH were not associated with changes in milk FA profile (Table 3) . In other studies, decreases in methane production have been associated with significant changes in milk FA profile and it has been suggested that milk FA profile can be used to predict methane production (Chilliard et al., 2009; . However, in many cases, changes in methane production in these studies were a result of lipid supplementation (e.g., Mohammed et al., 2011) , which changed both milk FA profile and methane yield.
Energy and Nitrogen Balance
We observed no adverse effects of 3NP treatment. The cow that aborted twins at the start of her third period had received the 2,500 mg/d dose for 5 d when she aborted, but this could have been a coincidence as the other pregnant cows were not affected. Feed DMI and milk yield were higher in wk 4 than in wk 5 (Tables  2 and 4) , which may be due to prolonged effects of inactivity or restraint in respiration chambers (Reynolds, 2000) . It is often purported that decreases in methane production will provide more ME for productive purposes, such as milk energy production or tissue energy retention (Blaxter and Czerkawski, 1966) . In sheep, feeding hemiactyl of chloral and starch reduced methane in rumen gas and increased average daily weight gain (Trei et al., 1972) . Similarly, feeding a halogenated methane analog to lactating goats reduced methane production and increased milk yield (Abecia et al., 2012) . However, reductions in methane production are not always accompanied by increases in energy balance (milk plus tissue energy) in lactating dairy cows, even when digestible energy and ME intake are not affected . In the present study, we observed no effect of 3NP on DMI but detected a numerical reduction in milk yield (P = 0.19; Table 2 ) when the higher dose of the product was fed, which was associated with the decrease in diet digestibility and ME supply discussed previously. Methane energy as a percentage of digested energy was not affected by 3NP, confirming that effects of 3NP on methane production in the present study were accompanied by decreases in the extent of NDF or ADF digestion. In contrast, however, 3NP or ethyl-3 nitrooxypropionate had no effect on in situ degradability of alfalfa hay or oats in sheep (Martínez-Fernández et al., submitted) .
CONCLUSIONS
As observed in sheep, 3NP introduced into the rumen reduced methane production of lactating dairy cows by 6.6 and 9.8% for the 500 and 2,500 mg/d doses, respectively. A 5-fold increase in the dose of 3NP did not have a 5-fold greater effect on methane production, and a potent but transitory inhibitory effect on methane production was observed for 1 to 2 h after dosing in the afternoon, which may have been due to the kinetics of the metabolism, absorption, and rumen outflow of the compound. This suggests that mixing with feed or a sustained-release bolus may be a more effective delivery method, depending on the stability of the product. Changes in rumen concentrations of VFA and pH suggest that the pattern of rumen fermentation was affected by both doses of the product but that rumen fermentation was inhibited by the higher dose. Total digestibility of feed DM, OM, fiber, and protein were reduced, particularly at the higher dose. These differences in digestion and the observed shifts in rumen VFA concentrations suggest an inhibition of rumen fermentation of fiber, which may have been a consequence of pulse-dosing the larger amount of 3NP into the rumen. The resulting decrease in digestible energy supply was not completely countered by the decrease in methane excretion, such that ME supply and ME concentration of the TMR fed were reduced for the higher dose. These observations indicate that 3NP has potential as a dietary inhibitor of methanogenesis, but further research is needed to determine the optimal dose and method of delivery for achieving a significant reduction in methane production without the reductions in diet digestion observed when the higher dose of the product was provided in the present study.
